The 46.4-kb nucleotide sequence of pSK41, a prototypical multiresistance plasmid from Staphylococcus aureus, has been determined, representing the first completely sequenced conjugative plasmid from a grampositive organism. Analysis of the sequence has enabled the identification of the probable replication, maintenance, and transfer functions of the plasmid and has provided insights into the evolution of a clinically significant group of plasmids. The basis of deletions commonly associated with pSK41 family plasmids has been investigated, as has the observed insertion site specificity of Tn552-like ␤-lactamase transposons within them. Several of the resistance determinants carried by pSK41-like plasmids were found to be located on up to four smaller cointegrated plasmids. pSK41 and related plasmids appear to represent a consolidation of antimicrobial resistance functions, collected by a preexisting conjugative plasmid via transposon insertion and IS257-mediated cointegrative capture of other plasmids.
Staphylococcus aureus and, increasingly, coagulase-negative staphylococci are significant nosocomial pathogens, largely as a consequence of their propensity to develop antimicrobial resistance (37) . Resistance determinants can be chromosomally encoded and/or carried by one or more plasmids commonly harbored by clinical staphylococcal strains. Several plasmid types have been identified in staphylococci (36, 37) . The rolling-circle (RC) replicating plasmids are generally less than 5 kb in size and are cryptic or encode only a single resistance determinant (20) . The staphylococcal RC plasmids have been subdivided into four families, exemplified by pT181, pC194, pSN2, and pE194, based on replication region sequence similarity. In contrast, the pSK639 family of trimethoprim resistance plasmids are thought to replicate via the theta mode (1) . The pSK639-like plasmids, 8 to 13 kb in size, found to date contain two or three copies of IS257 (23) . Because of their large size, (i.e., 15 to 40 kb) staphylococcal multiresistance plasmids are also presumed to replicate by a theta mechanism (18) ; the ␤-lactamase-heavy-metal resistance (46) and pSK1 (28) families are the most thoroughly characterized groups of such plasmids. The determinants carried by multiresistance plasmids are often located on one or more transposon-like structures and/or associated with insertion sequence (IS) elements.
The largest of the staphylococcal plasmids identified are the conjugative multiresistance plasmids. One structurally related group of these, typified by pSK41, pGO1, and pJE1 (see Fig. 1 below) (9, 11, 53) , are capable of mediating their own conjugative transfer and the mobilization of coresident plasmids (1, 40) . These plasmids, now designated the pSK41 family (37) , were first detected in strains isolated in the mid 1970s and have subsequently been identified in geographically diverse isolates in both S. aureus and coagulase-negative staphylococci (2, 9, 19, 30) . pSK41 family plasmids typically confer resistance to the aminoglycosides, gentamicin, tobramycin, and kanamycin (Gm r Tm r Km r ), via an aacA-aphD gene located on a Tn4001-IS257 hybrid structure (3) and neomycin (Nm r ) via an aadD determinant encoded by a cointegrated copy of the small RC plasmid pUB110 (4) , as well as multidrug resistance to antiseptics and disinfectants encoded by smr (formerly qacD) (25) . pGO1 and pJE1 additionally confer dfrA-encoded trimethoprim resistance (Tp r ), and other family members encode resistance to mupirocin or contain a Tn552-like ␤-lactamase transposon (15, 21, 34) . Plasmids of the pSK41 family contain multiple copies of the insertion element IS257, flanking several of the resistance determinants and a transfer-associated region, tra (37) . We have completed the nucleotide sequence of pSK41 to identify additional functions encoded by plasmids of this type and to gain insights into their evolution.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Escherichia coli DH5␣ (F Ϫ endA hsdR17 supE44 thi-1 Ϫ recA1 gyrA96 relA1 80dlacZ⌬M15; Bethesda Research Laboratories) was used as the host for all E. coli plasmids. S. aureus SK982 (resistant to rifampin and novobiocin) (27) and SK983 (resistant to streptomycin and fusidic acid) (51) were used as hosts of S. aureus plasmids. General culture conditions were 37°C on Luria agar (LA) plates or in Luria broth (LB). Plasmids used as sequencing templates were constructed by ligation of pSK41 and pJE1 restriction fragments into pUC (54) and pBluescript (Stratagene) series vectors; other plasmids used in this study are shown in Table 1 . Where appropriate, antimicrobial agents were used at the following concentrations: ampicillin, 100 g/ml; ethidium bromide, 40 g/ml; fusidic acid, 10 g/ml; gentamicin, 20 g/ml; neomycin, 15 g/ml; novobiocin, 2 g/ml; rifampin, 20 g/ml; and streptomycin, 100 g/ml.
DNA manipulation. Plasmid DNA was isolated from E. coli by using either the alkaline lysis method (45) or the Quantum Prep plasmid Miniprep Kit (Bio-Rad) and from S. aureus as described by Lyon et al. (26) . Restriction endonucleases and T4 DNA ligase were used in accordance with the manufacturers' instructions. DNA cloning was performed by standard techniques (45) . PCR was carried out with Pfu DNA polymerase (Stratagene) or the Expand High-Fidelity PCR System (Boehringer Mannheim) according to the manufacturers' recommendations. Primers for PCR and nucleotide sequencing were made with a Beckman Oligo-1000 synthesizer. PCR products to be sequenced were subjected to ammonium acetate precipitation and concentrated with a Microcon 100 microconcentrator (Amicon).
Nucleotide sequence determination and data analysis. Nucleotide sequencing was performed with the SequiTherm cycle sequencing kit (Epicentre Technologies) according to the manufacturer's instructions or by the Sydney University and Prince Alfred Macromolecular Analysis Centre with the ABI Ready Reaction kit. Double-stranded plasmids and PCR products amplified directly from pSK41 were utilized as sequencing templates; sequences from PCR products were derived from at least two independent amplifications. All restriction sites were crossed, and all novel sequences were determined on both DNA strands. Sequences were stored and assembled with the program SEQUENCHER (Gene Codes Corp.) and analyzed with the GCG package (8) maintained by the Australian National Genomic Information Service, University of Sydney. Sequence similarities were assessed by using pairwise alignments generated with the program GAP (8) with the Dayhoff 250 PAM matrix (7) . Statistical significance (Z) was calculated as follows: Z ϭ (a Ϫ m)/s, where a is the alignment score; m is the mean of 100 alignment scores where one of the sequences has been randomly shuffled; and s is the standard deviation of m (39) . Z scores greater than 3, 6, or 10 were taken to be indicative of a "possible," "probable," or "highly probable" evolutionary relatedness, respectively (24) . Phylogenetic analyses were performed by using programs in the PHYLIP package (10) . Dot plots were generated with the program DOTTY PLOTTER (14) . Potential transmembrane segments were identified with the program TOPPRED II (5) .
Detection and characterization of deletion mutants. Conjugative matings were performed with the plasmid pSK41 between S. aureus strains SK982 and SK983. Overnight cultures of donor and recipient strains grown in LB were diluted 1:10 in fresh medium and grown to an optical density at 600 nm (OD 600 ) of 0.6. Portions (0.5 ml each) of donor and recipient cells were combined in 2 ml of LB and filtered through a 2.5-cm (0.45-m pore size) Millipore filter. The filter was placed bacterium-side-up on LA and incubated upright overnight. Cells were removed from the filter by vortexing in 2 ml of LB, and transconjugants were selected on medium containing gentamicin, neomycin, or ethidium bromide, in addition to selection for the recipient strain, and then screened against the nonselected agents to reveal any loss of resistance. DNA was isolated from sensitive transconjugants, and PCR was used to confirm the loss of a resistance gene. Southern blot analysis of plasmid digests was performed to indicate the extent of a deletion. AccI-digested plasmids run on a 1% (wt/vol) agarose gel were transferred to Hybond N ϩ membranes as described elsewhere (45) . The ECL direct nucleic acid labeling and detection system (Amersham) was used to label an IS257 probe (nucleotides [nt] 194 to 719; see Fig. 6 ) and to detect hybridizing fragments, according to the manufacturer's directions. IS257 elements at the deletion junctions were sequenced with PCR products that entirely spanned the elements.
Nucleotide sequence accession number. The complete nucleotide sequence of pSK41 is available under the GenBank accession number AF051917. The nucleotide sequence of the additional segment in pJE1 is available under the GenBank accession number AF051916.
RESULTS AND DISCUSSION
The physical and genetic maps of pSK41 and related plasmids are shown in Fig. 1 . The 46,445-nt sequence of pSK41 was found to have an overall AϩT content of 70.3%, which is consistent with a prolonged existence in low GϩC content hosts, such as staphylococci. A total of 42 open reading frames (ORFs) likely to represent functional translated genes are evident in the sequence, and a further three truncated remnants of genes can also be identified; the genetic organization of the entire plasmid is illustrated in Fig. 2 and IS257 41D ( Fig. 1 and 2 ) probably represent the basic backbone of the plasmid into which other molecules have been inserted (see below). The latter of these corresponds to the previously reported tra region (11) and will therefore not be described in detail here. Characteristics of the deduced products of the 14 genes identified in the 14.2-kb segment between IS257 41G and IS257 41A are summarized in Table 2 . Plasmid replication and maintenance functions. The segment of pSK41 between IS257 41G and IS257 41A was presumed to encode the plasmid's replication functions since it is the only region conserved in all members of the plasmid family. Consistent with this notion, the gene immediately adjacent to IS257 41A , now designated rep (Fig. 2) , encodes a deduced product, Rep, which shares statistically significant sequence similarity to the replication-initiation proteins from several plasmids of grampositive origin: viz., the staphylococcal plasmid pSX267 (Z ϭ 48.5) (13); the enterococcal plasmids pAD1 (Z ϭ 30.9) (56), pCF10 (Z ϭ 31.9) (44), and pPD1 (Z ϭ 37.5) (12); and the Lactobacillus plasmids pLJ1 (Z ϭ 22.2) (50) and pSAK1 (Z ϭ 35.1) (GenBank entry Z50862). The pSK41 rep product is most similar to the RepA protein of the arsenate resistance plasmid, pSX267, from Staphylococcus xylosus ( Fig. 3A ) (13), a member of the ␤-lactamase-heavy-metal resistance family of plasmids (17) . This finding establishes an evolutionary link between the replication functions of two clinically significant groups of staphylococcal plasmids: viz., the pSK41 family of conjugative plasmids and the ␤-lactamase-heavy-metal resistance plasmids that emerged approximately three decades earlier (28) .
Sequence similarity extends to the nucleotide level between the pSK41 and pSX267 rep genes, but is primarily confined to the 5Ј ends of the coding sequences (Fig. 3B ). The lack of sequence similarity beyond the extremities of the rep coding sequences is consistent with the finding that the origin of pSX267 replication appears to be located within the repA ORF, possibly associated with direct repeats present in the gene (13) . Our analysis has revealed analogously located, albeit distinct, arrays of direct and inverted repeats in the sequences of both plasmids (Fig. 3B) .
Like its homologous plasmid replication-initiation proteins, pSK41 Rep shares similarity with a protein identified as mouse interferon response element binding factor 1 (IREBF-1; Z ϭ 37.1) (13, 56, 58) . However, phylogenetic analysis ( Fig. 3A) suggests that IREBF-1 may actually represent a contaminant of bacterial origin present in the mouse cDNA library from which this gene was obtained, since IREBF-1 is more similar to some of the plasmid rep products (e.g., pSK41) than some of the members of this plasmid replication-initiation protein family are to each other (e.g., pSK41 and pAD1); the high AϩT content of the IREBF-1 nucleotide sequence (64%) supports this contention.
The deduced product of pSK41 orf86 contains a predicted helix-turn-helix domain, suggesting that it might be a DNAbinding protein. The location of this divergently transcribed gene immediately upstream of pSK41 rep (Fig. 2) raises the possibility that orf86 may be involved in the regulation of plasmid replication.
The pSK41 res gene was found to encode a predicted product sharing similarity to a superfamily of recombinases which includes plasmid resolvases. The regions of greatest similarity correspond to motifs diagnostic of the recombinase superfamily and, like the other members of this family, pSK41 Res is predicted to possess a helix-turn-helix DNA-binding domain. Such enzymes are thought to contribute to the segregational stability of plasmids by facilitating efficient partitioning through the conversion of plasmid multimers into monomers (49) . A resolvase-encoding gene, sin, has previously been detected on the staphylococcal plasmids pSK1 and pI9789, from the pSK1 and ␤-lactamase-heavy-metal resistance plasmid families, respectively, and Southern hybridization studies indicated that such genes were common on plasmids from these groups (38) . However, the deduced pSK41 res product was found to be no more closely related to those of the sin genes than it is to resolvases from other genera (data not shown); indeed, the lack of nucleotide sequence similarity explains the previous failure of a pSK1 sin probe to hybridize to pSK41 (38) . The related ␤-lactamase transposons, Tn552 (43) and Tn4002 (16), have been found to insert preferentially into both ␤-lactamaseheavy-metal resistance and pSK1 family plasmids at a site within an inverted repeat located immediately upstream of their respective sin genes (38) . Site-specific insertion of Tn552-like ␤-lactamase transposons also appears to have occurred in pSK41-like conjugative plasmids (15, 57) . Correlation of the pSK41 nucleotide sequence to restriction maps of the ␤-lactamase-encoding relatives pUW3626 ( Fig. 1 ) and pCRG1600 (28) indicated that the Tn552-like transposons in these plasmids are likely to be located in the vicinity of genes equivalent to pSK41 res. To investigate this precisely, the junctions of the transposon in pUW3626 were amplified with primers corresponding to the ends of Tn552 and the pSK41 orf149 and res genes.
Sequence analysis revealed the transposon in pUW3626 to be flanked by a 6-nt target duplication, ATAGCG, corresponding to nt 2594 to 2599 of the pSK41 sequence; a duplication of this size was previously found flanking Tn552 in the ␤-lactamase-heavy-metal resistance plasmid, pS1 parent (pI9789:: Tn552), whereas a 7-nt duplication was associated with Tn4002 in the pSK1 family plasmid pSK4 (38) . The ␤-lactamase transposon in pUW3626 is located 185 nt upstream of this plasmid's res allele; Tn552 and Tn4002 were found only 31 nt upstream of sin on pS1 parent and pSK4 (38) . Furthermore, no obvious sequence similarity is discernible between the insertion sites in pUW3626 and pS1 parent or pSK4, and, in contrast to the large inverted repeat interrupted by the insertion of Tn552 and Tn4002 upstream of sin, only small repeats can be identified in the vicinity on pUW3626. However, the insertion sites are all located adjacent to canonical promoter-like sequences which may be responsible for the transcription of res and sin on their respective plasmids (38) (data not shown). The preference of Tn552-like transposons for insertion sites upstream of these resolvase genes is intriguing given the absence of nucleotide sequence similarity between them. It is conceivable that the insertion sites discussed here coincide with the target sites of the plasmids' cognate resolvases and that it is a particular DNA-Res protein conformation that is being recognized by the Tn552-like transposons rather than a specific sequence per se.
Conjugative transfer functions. The pSK41 DNA segment from nt 7982 to 10325 was found to be virtually identical to the equivalent region from the related plasmid pGO1. This segment of pGO1 encodes the origin of conjugative transfer, oriT, and the gene encoding the enzyme responsible for nicking at this site, nes (6) . The nucleotide differences that are evident are confined to two small regions. The first of these corresponds to four "indels" (insertions-deletions), two in each plasmid, within a 24-nt segment in the central portion of nes, which results in a unique 8-amino-acid contiguous sequence within each product. The second region of divergence occurs downstream of nes and consists of a 22-nt stretch containing 5 indels (all nucleotides absent from the pSK41 sequence) and 2 nucleotide differences, which would be expected to result in a different and lengthened C terminus in the protein encoded by the pGO1 allele of pSK41 orf575.
Comparison of the pSK41-encoded conjugation-associated proteins to the sequence databases has revealed a relationship between this staphylococcal transfer system and that of the broad-host-range plasmid pIP501, which was originally identified in Streptococcus agalactiae but has also been shown to replicate in Staphylococcus, Clostridium, Pediococcus, and Listeria species (29) . In addition to the previously described similarity between oriT nickases (6), amino acid similarity is evident between other proteins encoded by the pIP501 conjugation region A (55) and the pSK41 tra region (11) . This conservation extends to the genetic organization of these regions (Fig. 4) . The identification of any relationship between the remainder of the pSK41 tra genes and other pIP501 se- quences, in particular a second segment associated with conjugative transfer, region B (29), awaits further characterization of the latter. Studies of pGO1 have indicated that the minimal conjugative unit of this class of plasmid consists of the oriT/nes and tra regions (6) . However, analysis of transposon mutagenesis studies of the closely related plasmid, pJE1 (9) , indicates that other functions encoded by the DNA segment between IS257 JE1H and IS257 JE1A (Fig. 1 ) might also play a role in conjugative processes. Sequence analysis of the equivalent region of pSK41, between IS257
41G and IS257
41A
, lends credence to this possibility. The deduced product of pSK41 orf575 shares statistically significant sequence similarity (Z ϭ 14.3) with that of ltrC from the lactococcal conjugative plasmid pRS01 (32) . Like orf575 and nes, ltrC is located in proximity to a nickase gene, in this case ltrB. A transposon insertion in ltrC was found to slightly reduce conjugative transfer efficiency (32) . It seems likely that ltrC might possess additional 5Ј sequences since alignments reveal that similarity begins at approximately amino acid 200 of Orf575 at residues preceding the proposed N-terminal methionine residue of LtrC (data not shown); although a potential initiation codon has been identified for ltrC, the absence of a in-frame termination codon in the available upstream sequence is consistent with this proposal.
A 7-nt sequence, CATGACA, was found to overlap the Ϫ35 sequence of the three potential transcriptional promoters identified in the pSK41 tra region (11). Sharma et al. (47) have shown that for pGO1 the transcriptional repressor TrsN (equivalent to pSK41 ArtA) binds to sites overlapping this sequence in each of these promoters. Analysis of the DNA segment between IS257 41G and IS257 41A revealed three additional potential promoters with Ϫ35 boxes overlapped by CATG ACA sequences. Two overlapping copies of this motif, one with a single mismatch, are found in a putative orf259 promoter; four overlapping copies, each with a single mismatch, are evident in the putative orf538 promoter; and two overlapping copies are associated with the promoter probably responsible for transcription of both orf346 and orf109. Although the significance of these sequences remains to be determined, their presence hints either that the genes transcribed by these promoters may play a role in conjugation or that they are at least coordinately regulated with transfer-associated functions.
IS257 and small plasmid cointegrates. Restriction map similarity and limited nucleotide sequence data suggested that pSK41 contains a cointegrated copy of the small aminoglycoside and bleomycin resistance RC plasmid pUB110, which is flanked by IS257 41B and IS257 41C ( Fig. 1 and 2 ) (4); the complete sequence data described here demonstrated identity between this segment of pSK41 and the published sequence of pUB110 (31) . Analysis of the pSK41 sequence has revealed that two other segments, bounded by IS257 41A and IS257
41B
and by IS257 41D and IS257 41E , also correspond to cointegrated copies of pC194 family RC plasmids (Fig. 2) . The first of these segments, which is 2682 nt long, was found to be most similar to the Staphylococcus epidermidis plasmid pSK108 (22) ; their relationship is illustrated in a dot plot comparison (Fig. 5A) . The extent of sequence similarity includes the remnants of a replication-initiation gene, repЈ(RC) and Јrep(RC), at each end of the segment, a plus-strand-replication-origin nick site, and an SSO A (formerly palA) minus strand origin. Similarity breaks down at a region equivalent to that in pSK108 which encodes the smr multidrug resistance gene (Fig. 5A) . In pSK41, this segment contains a gene encoding a deduced product of 248 amino acids which hydropathy analysis indicates is likely to be a membrane protein possessing up to eight transmembrane segments. Although no similar proteins were found in the sequence databases, it is tempting to speculate that this protein may be a transporter of unknown specificity. It would seem that in a stage of the process leading to cointegration of this plasmid, the replication gene, rep(RC), has been bisected by IS257 insertion (Fig. 5A) . Duplications of 8 nt expected to result from IS257 transposition (35) are not found at the termini of the segment (Fig. 1) . Flanking deletions, a previously described property of IS257 (21), may account for the absence of such repeats since comparison of the rep remnants with the homolog from pSK108 suggests that approximately 57 nt (encoding 19 amino acids) has been deleted from this pSK41 segment.
The nucleotide sequence of the smr gene of pSK41 has been reported previously (25) , the sequence published representing one end of a segment flanked by IS257 41D and IS257 41E ( Fig.  1 and 2) . Analysis of this segment in its entirety revealed extensive similarity to another S. aureus plasmid of the pC194 family, pSK89 (Fig. 5B) (25) . In addition to the previously described homologous smr multidrug resistance gene and SSO A sequences (25) , this segment contains a homologous replication-initiation gene, rep (RC) . No sequence resembling the replication nick site of pC194 family plasmids is evident in the sequence. Extrapolation based on its position in closely related plasmids indicates that the nick site would be expected to reside somewhere beyond the flanking IS257 elements. It is therefore likely that the nick site has been removed as a result of an IS257-mediated adjacent deletion, which would also explain the absence of flanking target duplications. (11) is illustrated. Genes (arrowed boxes) encoding homologous products are linked by shading; percent amino acid sequence identities and Z scores (in parentheses) are shown. The positions and strands of the oriT nick site of each plasmid are indicated by vertical arrows. A segment of approximately 11 kb between the two regions of pSK41 has been omitted for clarity.
FIG. 3. (A)
Phylogenetic analysis of the deduced pSK41 rep product and related proteins. The amino acid sequences were obtained from the following GenBank entries: pSX267, X92404; pCF10, L14285; pPD1, D78016; pAD1, L01794; pLJ1, J04240; pSAK1, Z50862; and IREBF-1, M55290. The unrooted tree was constructed by using the programs PROTDIST and NEIGHBOR (10) from a multiple alignment generated by PILEUP (8) . An equivalent tree was obtained with the program PROTPARS (10). (B) Nucleotide sequence alignment of the replication regions of pSK41 and pSX267 (13); identities are indicated by vertical lines and indels are denoted by dots. The nucleotide sequences are numbered on the right. Ribosome binding sites for the rep genes are underlined, and the deduced amino acid sequences are shown above and below the nucleotide sequences, respectively. Directly repeated sequences are indicated by arrowed lines, whereas inverted repeats are shown by half-arrowed lines. Amino acids conserved in all proteins shown in panel A are boxed.
In pJE1, two additional IS257-flanked DNA segments are located between the integrated copy of pUB110 and the tra region ( Fig. 1 and 2) . The segment between IS257 JE1D and IS257 JE1E contains the trimethoprim resistance determinant, dfrA, and is virtually identical in sequence to an equivalent segment of the composite transposon-like element Tn4003 from pSK1 (42), except for a deletion flanking the IS257 copy upstream of dfrA (21) . Tn4003 is now thought to be derived from a cointegrated copy of a pSK639 family trimethoprim resistance plasmid (1, 48) . Consistent with the notion that this region of pJE1 is similarly derived, sequencing revealed that the segment between IS257 JE1C and IS257 JE1D (Fig. 2) is identical to a portion of pSK639. An equivalent segment was also found in Tn4003 (1), although the pSK639 rep gene remnant in pJE1 is 427 nt larger than that present in Tn4003 on pSK1. The incorporation of a pSK639-like plasmid into a pJE1 precursor appears to have occurred as the result of homologous recombination between an IS257 copy equivalent to IS257 41C and an element equivalent to IS257 639A (1, 23) rather than via IS257 transposition, since an additional element does not seem to have been generated . The identities of IS257   41C   , IS257  639A ,  IS257 JE1C , and IS257 JE1E are consistent with this model (Fig.  6) .
Sequences corresponding to a pSK639-type rep gene are also present on pGO1, adjacent to IS257 GO1R (34) within an IS257-flanked segment similarly neighboring that encoding dfrA (Fig.  1) . The organization and restriction map of this region, with an additional three copies of IS257 in comparison to pSK41, suggests that cointegration of a pSK639-like plasmid has resulted from nonresolved replicative transposition of the element on the pGO1 precursor equivalent to IS257 41G ; IS257 GO1R differs from IS257
41G by a single nucleotide (C at position 107; Fig. 6 ). It should also be noted that for each of the small cointegrated plasmids described above, which include both RC and probable theta-mode replicons, the cognate replication function appears to have been inactivated either by interruption of the rep gene coding sequence by IS257 insertion or by the removal of essential sequences by IS257-flanking deletions.
The region of pSK41 from IS257 41E to IS257 41G ( Fig. 1 and  2 ) is a Tn4001-IS257 hybrid structure essentially identical to that described previously for another pSK41-like plasmid, pSH6 (3), differing at only a single nucleotide within IS257 41E . This structure represents a derivative of Tn4001 that has been immobilized by IS257 insertions and/or flanking deletions into its bounding IS256 elements. The DNA segment between IS257 41F and IS257 41G shares statistically significant similarity (data not shown) with a region of the Staphylococcus hominis chromosome distal to a gene of unknown function, smpB (41) ; the evolutionary implications of this relationship are not clear at this time.
Comparative analysis of the IS257 elements of pSK41 (Fig.  6 ) revealed that they can be grouped into several sequence types. IS257
41A and IS257 41B are identical and differ from IS257 41C at only four positions. These elements are also very similar or identical to the two elements on pSK639, as are IS257 JE1C , IS257 JE1D , and IS257 JE1E , a finding consistent with the notion that this portion of pJE1 is derived from such a plasmid. With the exception of two nucleotides, IS257
41D and IS257 41E are identical but differ from IS257 41ABC -type at a minimum of 22 positions. Oriented in opposition to all other IS257 copies in pSK41 ( Fig. 1 and 2 ), IS257 41F differs markedly from the two aforementioned sequence types. IS257
41G appears to be the product of multiple recombination events, since it possesses IS257 41ABC -type ends and an IS257 41F -like central portion. It can be seen that each of the three cointegrated plasmids within pSK41 are flanked by identical or nearly identical IS257 copies. Taken together, these observations, along with the likelihood that two of the cointegrated plasmids have resulted from IS257 insertions that directly inactivate their replication-initiation genes and the scarcity of naturally occurring RC plasmids carrying insertion sequences, argue strongly for nonresolved replicative transposition of IS257 as the basis for the cointegrative capture of these plasmids (23, 35, 48) .
Site-specific deletions in pSK41 family plasmids. Several researchers have described the generation of deletions within pSK41-type plasmids that correspond to DNA segments be- (Fig. 1) , including three copies of IS257. pSK5094, which conferred an Nm r Eb r Gm s phenotype, was found to have lost a DNA segment between IS257 41E and IS257 41G , including two IS257 copies. In both cases, nucleotide sequencing indicated that the IS257 elements remaining at the site of these deletions, IS257
5093B and IS257 5094E , are likely to represent chimeras of the elements that formerly bounded the deleted segments (Fig. 6 ). This finding strongly implicates homologous recombination as the basis of such deletions, as had been proposed previously (34, 52, 53) . By using the available sequence variation, the crossover points can be localized to between nt 231 and 472 for IS257 5093B and between nt 632 and 711 for IS257 5094E (Fig. 6 ). Concluding remarks. The completion of the pSK41 sequence allows us to make some tentative conclusions about the evolution of pSK41-type conjugative plasmids. The transfer systems of these plasmids and that of the broad-host-range plasmid, pIP501, share a common evolutionary ancestry, although their replication systems appear to be distinct. Despite this and despite the relatedness of the pSK41 replication functions to those of staphylococcal ␤-lactamase-heavy-metal resistance plasmids, the degree of sequence divergence and the dispersion of conjugation-associated genes on both sides of the pSK41 rep region strongly suggest that pSK41-type plasmids have not arisen from the en bloc addition of conjugation functions to an existing, nontransmissible resistance plasmid. It would seem more likely that the antimicrobial resistance determinants on pSK41-like plasmids are contemporary additions. Probable target duplications adjacent to IS257 41A and IS257 41C (Fig. 1) , still evident despite the propensity of deletion events adjacent to IS257, support this proposal. These duplications insinuate that the pSK41 rep and tra regions were juxtaposed prior to their separation by insertion of IS257 and cointegrated plasmids, including pUB110. The phenotype(s), if any other than conjugative transfer, associated with the primordial pSK41-type plasmid is not known but may still be encoded in the segment between IS257 41G and IS257 41A (Fig.  2) ; the availability of this sequence data should help to shed light on this possibility.
IS257 has clearly played a central role in the recent evolutionary history of pSK41 family plasmids, representing a catalyst for adaptation to a new niche, viz., an environment of widespread antimicrobial use. Shaped by the activities of this element, the structure of pSK41 illustrates the selfish nature of transmissible plasmids and its relevance to the development of antimicrobial resistance in staphylococci. For instance, the incorporation of small resistance plasmids presumably enhances the evolutionary fitness of the plasmid in subsequent hosts rather than benefiting the cell in which the cointegration event(s) occurred. The immobilization of the composite Tn4001-like aminoglycoside resistance transposon would seem to represent another manifestation of this phenomenon, presumably contributing to plasmid maintenance in hosts exposed to such antibiotics. The tight genetic linkage resulting from the accretion of resistance determinants on transmissible plasmids is of obvious consequence to the acquisition, dissemination, and maintenance of multiresistance. The capacity of plasmids such as pSK41 to collect activities as they move horizontally through bacterial populations highlights the importance of organisms, which may themselves be nonpathogenic, that act as reservoirs or transient hosts.
